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ABSTRACT

A major uncertainty in shield requirements for deep-space missions is establishing biological
risk for high charge and energy (HZE) exposure. Estimates of biological risk in space requires
an understanding of the relationship of ground-based biological experiments with intense
particle beams to the low exposure rates in the space environment. We have examined
the relation of a (relatively) general cell kinetic model to the track structure theory of
Katz and determined repair coefficients from the experiments of Yang et al. as a means
of predicting biological response to low dose-rate exposure in the deep-space environment.
The model provides repair dependent relative biological effectiveness (RBE's) which agree
well with values found in ion exposure experiments and makes predictions which could be
tested in future laboratory studies. The model seems to provide the necessary requirement
of relating laboratory response data to space exposure conditions with the exception of the
gravity environment effects.

INTRODUCTION

Before sending men into deep space for more than several months, there are many
issues concerning radiation safety of the high energy and charge ions (HZE) of the galactic
background radiation (Grahn, 1973) which must be resolved. The preponderance of human
data available on radiation exposure is from (mainly) 7-ray exposure data obtained from the
nuclear weapons of World War II (BEIR V). These are augmented by biological experiments
for various radiation types in search of a means of extrapolating the human risk data for y-rays
to any arbitrary radiation field (Sinclair, 1985). This is the origin of the quality factor (Q)
based on experimentally observed relative biological effectiveness (RBE) for various radiation
exposure types. Central to the development of this method of estimating radiation protection
requirements is the assumption that the experimental RBE reaches a maximum value as
the delivered dose approaches zero independent of the dose rate at which the experiment
was performed (ICRU, 1986). Such an assumption depends on the biological repair rates
and repair efficiencies and there is evidence that the maximum RBE may not be practically
achievable in laboratory experiments for some biological systems (Wilson and Cucinotta,
1991). Furthermore, very large RBE values have already been observed for some biological
systems (Merriam et al., 1984; Thomson, Williamson and Grahn, 1989) that if implemented
into this conservative protection methodology based on @ then the implementation of deep
space travel would be difficult to achieve. Clearly, the resolution of these issues is of the
utmost importance to the future of NASA’s manned space program.
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The present work is an outgrowth from a request by the Life Sciences Branch to develop
methods of extrapolation of laboratory experiments to long duration space exposure. Most of
that work was accomplished with disregard to the role of biological repair mechanisms {(Wilson
et al.,, 1990; Cucinotta et al., 1991) which would have & limited role in most laboratory
experiments but is of critical importance in the low level space environment (17 uGy/hr).
To address this issue we implemented a cell kinetic model based on a simple analogy with
chemical kinetics (Frost and Pearson, 1962) motivated by the belief that the ultimate cell
repair mechanisms are chemical in nature {Wilson and Cucinotta, 1991). At the same time,
our awareness of the complexity of rather simple chemical systems (Wilson et al., 1984)
especially those excited by ionizing radiation (Wilson, DeYoung, and Harris, 1979) gives us
pause in approaching such a complicated chemical system as a living cell where thousands of
chemical species are inhomogenously mixed even prior to radiation exposure. Clearly, there
must be a great simplification in approaching this problem if any analytic expression is to be
derived concerning radiation response.

There are essentially three types of kinetic models which have been used in past studies
{Tobias, 1985; Goodhead, 1985; Scott and Ainsworth, 1980). The first two models evaluate
the average number of lesions per cell and assume nonlinear kinetic terms as the source of
sigmoid behavior in the survival curve. The repair-misrepair (RMR) model (Tobias, 1985)
assumes a linear repair kinetic term to remove lesions (sublesions) from the cell, while a binary
misrepair kinetic term produces lethal lesions appearing as lack of biological survival. A later
version of the model assumes that sublesions can be “fixed,” presumably as the cell progresses
(Curtis, 1986). The binary misrepair term has been shown to be relatable to the dual action
response model (Curtis, 1986) and the multitarget theory of Katz et al. (1981). A second
nonlinear kinetic mode! assumes that repair enzymes are depleted in the repair process so that
at large exposure levels the repair rates decrease to zero (saturated repair) as the repair enzyme
pool is depleted (Goodhead, 1985). The unrepaired damage is assumed to be “fixed” at cell
cycle progression when inactivation is expressed. Although the mechanisms are substantially
different, both models describe well the sigmoid behavior and dose-rate-dependent response
of mammalian cell cultures. Linear kinetic models {called state vector models) have found
application in the literature (Scott and Ainsworth, 1980) and are adaptable to inclusion of cell
environmental effects (Crawford-Brown and Hoffmann, 1990). The state vector models are
closely related to the multihit model (Casarett, 1968). The main success of the two nonlinear
models and the state vector model is for x-ray exposures. There is no clear development of
these models to include track structure effects in heavy ion exposures.

It is well known that nonlinear processes dominate at high power densities in chemical
processing (for example, Wilson, 1980; Wilson and Lee, 1980). Two and three body
recombination processes are well known examples of nonlinear processes {Wilson, DeYoung
and Harris, 1979). Chemical combinations of reactive species are present even at the lowest
power levels where they tend to dominate and often follow linear kinetic equations (Wilson and
Lee, 1980). High density power levels are locally present with the passage of high LET particles
even at low exposure rates so that chemical products at high power with low LET radiation are
similar to those produced by even low exposure levels of high LET radiation (Charlesby, 1967).
Such facts have long been known to radiation chemist for high LET neutron environments
at nuclear reactors. Similar nonlinear processes are related to the columnar recombination
in ion chamber and scintillator detectors resulting in reduced detector efficiency. Any viable
radiation model must account for the high power densities within particle tracks but the
nonlinear time scale within the track chemistry is (very) short compared to the time scale
of subsequent biological repair mechanisms giving hope that the repair kinetics may yet be
describable by a linear kinetic model (Ngo et al., 1990) in which nonlinear processes are
ascribed to mainly track structure effects. The veracity of such an approach would lie with
the observed biological response under varied exposure conditions and the role of modeling
would be to help define critical experiments. It is our hope that the low dose and low dose rate
inherent in most space exposure can be adequately described by linear repair kinetics with
nonlinear behavior confined to track structure effects as motivated by the above considerations.
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Figure 1. Space-radiation environment.

There is ample evidence that radiation injury to cell membranes and cytoplasmic material
is only effective at doses in excess of tens of Gy (Casarett, 1968). Such high exposures are
associated with early lethality and of little relevance to normal space exposure. The normal
doses in space are much less than 10 Gy and relevant biological effects are expected to occur
many years after exposure. There will be no directly observable changes in tissue systems
during or immediately after the flight. Rather subtle changes in cell chemistry have occurred
which will not be fully expressed until much later in the life of the cell line or the individual.
It is believed that such changes are related to changes in the DNA structure. This will be the
assumption of the present work.

A multitarget model with track structure derived by Katz et al. (1971) has been quite
successful in describing track-structure-dependent phenomena in biological cell systems
(Waligorski et al., 1987). The model considers the simple physical arrangements of sensi-
tive sites required for some observable to be manifest and a physical model for the energy
deposited around the path of a moving charged particle. The effects of charged-particle irra-
diation are correlated with that of gamma-ray irradiation by assuming that the response in
sensitive sites near the particle’s path is part of & larger system irradiated with gamma rays at
the same dose (Katz et al., 1971). In the Katz model, mechanistic assumptions are avoided.
The parameterization of the response to gamma rays provides for calibration of a biological
systems response, as well as a transfer function for describing heavy ion effects. The main
criticism of the model is its inability to predict repair-dependent phenomena (Curtis, 1986;
Lett et al., 1989) and failure to achieve a2 maximum RBE at low exposure.

In a previous report {Wilson and Cucinotta, 1991}, we presented a simple phase dependent
repair model in which track structure effects were added through the use of the Katz formalism.
Repair coefficients were estimated from the experiments of Yang et al. (1989) on stationary
G1 mouse cells in which varying amounts of repair in G-phase was allowed before cell cycling.
Highly efficient repair was demonstrated for G;-phase for light ions while high energy 56 e
exposures showed little repair in good agreement with the kinetic model.

INTERACTIONS AND KINETIC PROCESSES

The energetic particles in space consists of mainly atomic constituents covering a very
broad energy spectrum and flux values as shown in figure 1 (Wilson, 1978). The particles
themselves are small (710713 ¢m) but are electrically charged resulting in a long-range force
component. A casual look at condensed matter reveals mostly the structure of the electron
clouds which contain only 0.05 percent of the mass but occupy virtually all the space within
the material. Embedded within these electron clouds are the atomic nuclei whose dimensions
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Figure 3. Schematic of Coulomb interactions with atomic electrons and atomic nucleus.

are 10~% times smaller than the complete atom but contain 99.95 percent of the mass of the
atom. Clearly an energetic particle passing through such & material will mainly interact with
the electrons in the cloud and seldom strike a nucleus.

The dominate energy transfer process is energy loss through ionization, that is, a collision
between the incoming charged particle {(whether it is a proton, electron, or heavy ion) and the
orbital electrons of the shielding material (fig. 2). They interact through Coulomb scattering,
and the energy transferred from an ion of energy E and charge Zj to a target particle of
charge Z; is labeled Q. The cross section o has an inverse Q? dependence, and therefore the
energy transfer is usually quite small. In the figure, u is reduced mass for the projectile target
system of masses Mp and Mr.
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When the target is an electron bound in an atomic orbital, there are two options of either
producing excitation when specific energy transfers (e; — €;, where ¢; and ¢; denote atomic
energy levels) are made or ionization where the energy transferred must be greater than the
ionization potential (fig. 3). The cross section is related to this energy transfer and goes like
the inverse of Q2. Another important process, especially for incident electrons, is Coulomb
interaction with the atomic nucleus which results in multiple scattering effects. These multiple
scattering effects are important for electron diffusion within the media.

The cross sections for secondary electrons produced from impacts of ions with atoms
as described in figures 2 and 3 are shown in figure 4. This figure shows curve fits to the
experimental data for 1 and 5 MeV proton impact (Manson et al.,, 1975), and the inverse
Q? dependence above sbout 20 eV for the secondary electron energy is clearly evident.
The corrections below 20 eV are due to binding effects which can only be treated quantum
mechanically. The electron is actually bound in an atom, and these binding effects become
important when the energy transfer is on the order of the binding energy. This type of data
is important in giving the lateral spread of the energy from the track as the particle passes
through a material.

There are added degrees of freedom when atoms are bound into molecular systems. Shown
in figure 5 is a collection of data for N3 molecules, which we chose as a typical molecule
mainly because we could find the most data for it. This molecule has been under extensive
investigation because of its importance to high power lasers and atmospheric phenomena.
Vibrational excitation is important for electron energies below about 10 eV. Once the
electronic excitation or ionization threshold is exceeded, the cross sections become heavily
dominated by those two processes alone. In about one half the cases, ionization results
in dissociation; and according to the data we have been able to collect, most molecules
undergoing electronic excitation result in dissociation. There are, however, considerable
differences in the dissociation cross section for these two processes as shown in figure 5.
These differences are probably due to the small number of molecular states observed in
the experiments. The molecular excitation cross section will probably change as further
experiments are performed and the total electronic excitation cross section will probably
show the same energy dependence as the ionization cross section at high energy. The data
are taken from Schulz (1976), Cartwright et al. (1977), Kollman (1975), and Wight, Van
der Wiel, and Brion (1976). The problem of molecular binding effects is difficult to treat
using quantum theory but local plasma models have shown some success in treating both the
molecular binding problem (Wilson and Kamaratos, 1981; Kamaratos, 1982; Xu, Khandelwal,
and Wilson, 1984a and 1984b; Xu et al., 1984) as well as condensed phase effects (Wilson et
al., 1984; Xu, Khandelwal, and Wilson, 1985).

Although most collisions in the material are with orbital electrons, the rare nuclear
collisions are of importance because of the large energy transferred in the collision and the
generation of new energetic particles. This process of transferring kinetic energy into new
secondary radiations occurs through several different processes, such as direct knockout of
nuclear constituents, resonant excitation followed by particle emission, pair production, and
possible coherent effects within the nucleus. Through these processes, a single particle incident
on the material may attenuate through energy transfer to electrons of the mediu or generate
a multitude of secondaries causing an increase in exposure (transition effect). Which process
dominates depends on energy, particle type, and material composition. This development of
cascading particles is depicted in figure 6 as a relative comparison between high-energy proton
and a-particle cascades in the Earth's atmosphere. Note the similarities displayed in figure 6
for individual reaction events and the nuclear-star events as seen in nuclear emulsion.

Neutrons and y-rays are produced in local shield material and by local manmade sources
such as nuclear power reactors. The neutrons interact through nuclear reactions similar to
energetic protons whereby secondary charged particles are produced. The ~-rays interact
through three main processes. The photoelectric cross section above ionization threshold,
Compton scattering above tens of thousand electron volts and pair producticn above 1 MeV.
The peutron induced nuclear stars are highly ionizing local events. The y-ray produced
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secondary electrons are broadly dispersed throughout the media giving a rather uniform
distribution of ionization and excitation events.

The initiating events occur on the time scale of the passi g 1omzmg partlcle (~107 1 gec).
Even a free thermal target particle would drift less than 10~ ) in this time period.
Clearly, diffusion and chemical reaction are precluded in this tlme perlod The initiating events
produce ions and free radicals within the media distributed in space according to the nature of
the particle initiating the event. Whether the event is initiated by a neutral particle or passing
ion, the secondary electrons ultimately dominate in producing the nascent chemical products.
The source distribution (in space and energy) of the electrons is intimately connected to the
initiating event and largely determines the initial distribution of ions and radicals (Rustgi
et al., 1988). To a first approximation the distribution of ions and radicals is related to the
average energy deposit first studied by Schaefer (1952) and extensively investigated by Katz
and coworkers (for example, Katz et al., 1971).

The organic molecules of a living cell are suspended in water so that the radiolysis of
water is one key to understanding mechanism of radiation injury. Without details we simply
note that a principle product is the dissociation of H3O into hydrogen and hydroxy! radicals
(Casarett, 1968).

H,O0 — H + OH

Subsequent events depend on the density of such radicals and the other molecules present.
At high power densities, peroxide and hydrogen formation

OH + OH — H30,

H+H - Hy

are in competition with recombination
H+ OH — H;0

In the presence of dissolved oxygen the peroxy! radical is formed as
H + 02 — HOy

which cycles to form hydrogen peroxide
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HO3+ HOy — O+ Hp04

The peroxides are highly active chemical (oxydizing) agents which are biologically damaging.
The density of hydroxyl radicals and peroxides are undoubtedly related to damage to nearby
organic molecules. Within the energy deposit are also organic molecules which may likewise be
disassociated and form peroxyl radicals which may further form chemical reactions. Although
we may not know specifically how a given structure within the DNA is altered it is easy to
imagine that the degree of alteration of the DNA by either direct interaction or a chemical
product is related to the local energy density associated with the initial event.

We will not, attempt to describe the processes by which the DNA is damaged by the radicals
and chemical agents described above but simply note that the direct reaction of these species
with the organic molecules is a linear kinetic process. Furthermore, the enzyme repair of such
damage is also expected to follow a linear kinetic description (Ngo et al., 1990). Even in
spite of these facts, we would try linear kinetic modeling on the general principle of “keeping
it simple” unless required to do otherwise according to experimental evidence. Nonlinear
kinetics are of course important if sufficient energy is given to the cell in a sufficiently short
time but such exposure levels are not assumed important to space radiation protection.

A SIMPLE LINEAR KINETIC SURVIVAL MODEL

Whether the DNA is altered by the direct interaction of the passing particle or chemical
agents produced in the surrounding medium we may think in terms of chemical change at a
specific site along the DNA chain which we term a lesion. Due to the complexity of the
DNA molecule it is clear that many different types of lesions may occur and may exist
along the DNA strand simultaneously. Such lesions are those we have termed the nascent
cellular lesions (Wilson and Cucinotta, 1991). These nascent lesions are formed soon after
the passage of the ionizing particle and are now dealt with by the slower cell repair processes
(Ngo et al., 1990). Radiation injury to a DNA site is related to the probability of an initiating
ionization/excitation event at or near the site and the probability that a chemical lesion
results. The probability of the initiation is related to the absorption cross section and the
probability of forming a lesion is related to chemical kinetics within the energy deposit and
rates of diffusion. The lesion formation rates are proportional to the ionizing particle flux and
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depend on particle type. If ng(0) is the number of cells present before irradiation then the
cell kinetic equations (without repair) are given as

fig(t) = —kng(t) (1)
i-1

Ai(t) = king(t) + D _ ki—jn;(t) — kny(t) (2
j=1

where n;(t) are the number of cells with i lesions. The k; are rate coefficients (cross section
times flux) for forming i lesions and depend on the spatial extent of the energy deposit (track
structure). We expect for low LET radiation that k; = 0 for ¢ > 1 while high LET particles
have significant contributions for ¢ > 1. The nonlinear kinetic processes relate the distribution
of energy deposit to lesion formation. Note that the conservation of cells requires

k=Y ki 3)
i
The distribution of nascent lesions in the cell population after a time ¢ is
no(t) = nge ¥t (4)
ny(t) = ngk;t e~k (8)
na(t) = ng [kzt + %(klt)2:| ekt (6)
2 1 3| -kt
n3(t) = no | k3t + E'-kltkzt + a(klt) e (7

and similarly for higher order terms where ng = ngy(0). It is likely that these nascent lesions
are chemical alterations yet to be stabilized by the cell repair processes.

If in subsequent reactions the DNA is restored to its original state then the cell has been
repaired. Some altered status after repair is called misrepair and the cell undergoes clonogenic
death (Casarett, 1968). We assume a simple form for the linear repair kinetics as

o0

fio(t) = Y arini(t) (8
i=1

7i(t) = —ainy(t) 9

where a,; and «; are repair rate coefficients. The balance of misrepaired cells are

[>¢]

Aat) =Y amini(t) (10)
i=1

where ap,; is the misrepair rate coefficient. Conservation of number of cells requires
o = ari + Q. The subsequent repaired, unrepaired, and misrepaired states are given
by

no(t) = no(0) + gnim)";—'j (1-emat) (11)

ni(t) = nq(0)e %" (12)

ng(t) = in,’(O)ﬁ;’f—i (1 - e""'t) (13)
i=1 t
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where ng(0) and n;(0) represents in equations (11} through (13) and in subsequent equations
the lesion distribution at the start of the repair period. After the repairs are complete
(o4t > 1) the final populations are given as

no(00) = na(0) + 3, “ni(0) (14)
i=1 '
ma(o0) = 3 “Zni(0) (15)

i=1

which are dependent on the initial distribution of lesions and the repair efficiencies. At
100 percent repair efficiency

ng(00) = ng(0) + Y ni(0) = mo (16)

i=1

so that the population is fully restored to its initial number ng prior to exposure. In practice,
relatively efficient repair is found for i < mgy with nearly complete misrepair for higher numbers
of lesions (i > my). The final population is then

mg—-1

ng(o0) = ng(0) + 3 mi(0) (17)

i=1

Examination of ng(oc) for a short y-ray exposure period t with the aid of equations (4) to (7)
yields

ng(00) = ng [1 - m%ﬂ(klt)'""} (18)

with k; = 0 for i > 1. This solution shows typical sigmoid response at low dose. If howevere
km, # 0 as expected for HZE exposure then

ng(00) = ng(l — kmyt) (19)

exhibiting a linear slope response with no shoulder. Clearly a broad range of solution is
available as a functisn of radiation type (k;) and the repair efficiencies.

The cellular repair mechanisms depend on the overall status of the cell chemistry. The
chemical processes in the cell vary greatly throughout the cell cycle. For example, the
cytoplasm viscosity is normally quite high and suddenly drops to near zero just before
mitosis. Such shifts in physical properties are affected through the cell chemistry and reflects
tremendous variability. More subtle are the changes prior to synthesis as well as throughout
the synthesis phase. Such variations are clearly seen in different experimental protocols with
the same cell line and radiation source. These considerations will be key to determination of
the coefficients in the above kinetic equations.

Sigmoid Survival Curves

If any particle is capable of forming single lesions it is the photon. We further assume the
photon to form only single lesions. The lesion distribution for a pulse of photons of duration
ty is then

no(tr) = noe (20)

ri(tr) = mo (katr)’ & Ht (21)
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Allowing for complete repair subsequent to exposure yields

no(00) _; _gomilo i okt
- =1 ; - Flkatr) e (22)

The response is proportional to the exposure to the my power where m, is the lowest i for
which ayn; # 0. Generally, there could be a small linear term present if 0 < g, Jay < 1.
Such a response would appear linear-quadratic at low exposure. Note that a linear term could
also arise from km; > 0 for y-rays as well.

Exponential Survival Curves

The exposure with high energy iron ions is near exponential and would be accommodated
if the k; =~ 0 for all i < my. The lesion distribution would then be

no(ty) = noe~ktr (23)
ni{ty) =0 (24)
nmd(tr) = k-mdtre_ktr (25)
The survival is given as
o a 1
no(o0) _ 1— Zmimg kmdtre—kt' _ Imimg _‘(kmdt,.)ze_kt' —-... (26)
ng lmy azmy 2!

showing linear-quadratic dependence at low exposure. If the repair efficiency is zero for i > my
then the response is given as

ng(oo) — e_k""dt' @7)
o

as is usually observed for iron beam exposures.

Discussion

In summarizing our results to this point, we have suggested that track structure effects
and the associated fast nonlinear kinetic processes contribute to the source terms for nascent
lesions within the cell DNA. That the subsequent repair kinetics are much slower and are
represented by linear repair processes (Ngo et al., 1990). The sigmoid behavior in survival
curves is related to repair efficiency and the exponential survival curves of HZE particles result
from track structure effects for which multiple lesions are formed in a single ion passage. We
now consider means of evaluating the kinetic parameters through relation to a track structure
model and repair dependent experiments.

TRACK STRUCTURE MODEL

The cellular track model of Katz et al. (1971) attributes biological damage from energetic
ions to the secondary electrons (delta rays) produced along the ion’s path. The effects caused
by energetic ions are correlated with those of gamma rays by assuming the response in sensitive
sites near the ion’s path is part of a larger system irradiated with gamma rays at the same dose.
The response due to ion effects is then approximately related to the gamma-ray response and
the delta-ray dose surrounding the ion’s path. For a multitarget response with target number
m, the inactivation of cells by gamma rays is assumed to follow a multitarget distribution
reflecting the random accumulation of sublethal damage, with a radiosensitivity parameter
Dy.
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For the inactivation of cells by ions, two modes are identified: “ion-kill” which corresponds
to intratrack effects and “gamma-kill” which corresponds to intertrack effects. Here, the
ion-kill mode is unique to ions corresponding to single particle inactivation of cells described
by the cross section . The inactivation cross section for a sensitive site whose response to
radiation is ahistoric is determined as

e 2] —_
o= / 2nrdr(1 — e~ P/Doym (28)
0

where D is the average dose at the sensitive site from the ion’s delta rays. The evaluation of
the cross section is separated by Katz et al. (1971) into a so-called grain-count regime, where
inactivation occurs randomly along the path of the particle, and into the so-called track-width
regime, where many inactivations occur and are said to be distributed like a “hairy-rope.” In
the grain-count regime, o may be parameterized as

o =oag(l - e_z‘z/"ﬂz)m (29)
where oy is the plateaun value of the cross section, the effective charge number is given by
Z* = Z(1 — e~ 120/2%°) (30)
and « is a parameter related to the radius of the sensitive site, ap, by
Doad/k =2 x 1077 erg/em (31)

The transition from the grain-count regime to the track-width regime is observed to take

place at a value of z° /xB2 of about 4 at lower values we are in the grain-count regime and
at higher values the track-width regime.

The fraction of the cells damaged in the ion-kill mode is P = o/0p and note that in the
track-width regime o > og and it is assumed that P = 1. The track model assumes that a
fraction of the ion’s dose, (1 — P), acts cumulatively with that for other particles to inactivate
cells in the gamma-kill mode. The surviving fraction of a cellular population ng(oo0), whose
response parameters are m, Dy, and & or ag after irradiation by a fluence of particles F, is
then written

M = X Ty (32)
ny
where
m=eF (33)

is the ion-kill survival probability and
Ty =1~ (1 - e'D‘Y/DD)m (34)
is the gamma-kill survival probability. The gamma-kill dose fraction is
Dy=(1-P)D (35)
where D is the absorbed dose. Note this division into ion-kill and gamma-kill also divides our

track into regions where the fast nonlinear kinetics are expected to dominate (ion-kill) and a
region where the fast linear kinetics are expected to be more important (gamma-kill).

The RBE at a specific survival level is given by

RBE = D, /D (36)

1/m
r = —Dgln{l - |:1 - no(OO)/’noj! } (37)

where



is the x-ray dose at which this level is obtained. Equations (28) through (37) represent the
cellular track model for monoenergetic particles. We must now consider the relationship of
the kinetic model to the Katz model.

Physics and Kinetics of Cell Injury

The Katz model is formulated on the basis of physical arguments about track struc-
ture, geometric arrangement of sensitive (chemical bond) sites, the size of the cell nucleus,
and energy thresholds for changes in the cell molecules. In practice, the Katz parameters
{m, Dg, 09, k) are determined from biological experiments for a given cell system and ex-
perimental protocol. The degree to which cell repair is reflected in the final parameters is
uncertain, but the effects of differing experimental protocols on the Katz parameters are well
known and in someway reflect repair mechanisms. We will attempt to better define the re-
lationship of repair to the Katz model parameters within the context of the present repair
kinetic model.

In the Katz model, it is assumed that electromagnetic radiations form single lesions with
an efficiency related to Dy and generally more than one lesion (mg > 2) is required to express
the biological effect {cell death in the present case). We assume that stationary G phase cells
show near complete repair of lesion multiples less than my. If the cells are irradiated with
~-rays in stationary G and are held in this phase until repair is complete, then the surviving
population is found to be

my—1

no(00) & no(tr) + D mi(tr) (38)

i=1

assuming maximum repair in stationary G; (i.e., %{- = 1 for i < my). Equation (38) allows us
to relate the k; coefficients to the corresponding Katz parameters of equations (28) to (35) as
applied to the appropriate experimental protocol (namely, G exposure followed by complete
G repair). In the kinetic model, ng is the initial number of G cells, and equation (38) is
rewritten as

mg—1 mg—1

m P~ e_ktf + k‘.tre_k'f + l‘kltr kitre-kt"
ng 2!
i=1 ’ i=1
1 md—2
— 2 E : 4.e—ktr
+ 3! (kltr) v k\;tre +... (39)

According to the Katz model, a my = 3 system has a y-ray response given by

%‘?")zl— (1—3-07/1’0)3z1— (g—;)a (40)

which is matched to equation (39) if
1
kitr 263Dy /Dg (41)

kmtr =0 (m>1) (42)

as is appropriate for y-rays. Similarly, the remaining terms in equation (39) can be determined
from the remaining Katz terms by noting for strictly ion kill kinetics

k3ly o F (43)

koty =0 (44)
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Requiring k3 to be zero results from our matching of equation (39) at low dose. There may
be nonzero values of ky but they cannot be strictly determined in the present form of Katz's
theory. Although the k;’s may reflect both physical and chemical processes because of their
empirical nature, we assume here that they are most clearly identified with the physical
processes discussed by Katz. We now examine means by which repair rates can be estimated
at least for some experimental cell systems.

Three-target Repair/Misrepair Systems

The above can be applied to an approximate three-target system as

np(00) angiDy  on 68 D7 | _.r_stp,/p
— |14+ —63— /20
ng a Do ay 2 D} ¢ (45)

where D, Dy, and o F are related to the usual Katz model for mq = 3 and 3}-, ;21 are the

repair ratios for the once hit and twice-hit cells. Presumably, - -——L > ﬂz We take

ary _ (o \F (46)
Qg a
in the present analysis and expect p to be 2 or greater. In the limit of vanishing dose where

RBE is presumably maximum

ajo
amlL

RBE, ~ 1 — t—:—(;+6"i'D0 (47)
which is unbound for small ay,;. The RBE in the Katz model is found to increase with ion
dose as D~1*1/™ (Cucinotta et al. 1991, Katz and Cucinotta 1991) so that no maximum is
achieved. A similar dependence on dose is found here at higher exposure levels than assumed
in equation (47), however, misrepair prevents a one-to-one correspondence especially at low
dose where a maximum RBE is achieved in the kinetics model for am, > 0.

APPLICATION TO CELL SURVIVAL

The experiments of Yang et al. (1989) have utilized contact stabilized mouse cells
C3H10T1/2 in the stationary G phase. In one set of experiments, the cells were held in
the G1 phase for 24 hours before separation and introduction into a nutrient medium to
stimulate growth (delayed plating). A second series of cells was immediately plated and thus
greatly altered the cell kinetics by progression towards the synthesis cycle (S phase) soon after
exposure. It is well known (Sinclair, 1968) that the early G phase is efficient in cell repair
while the early S phase is mistake prone (Radman et al., 1981). We assume the stationary
G phase repair ratio %'11 is near maximum, while the accident-prone early S5 phase has a
significant rate of misrepair. Furthermore, cell survival of the mouse cell is shown by Katz
to be a three-target system, and even higher rates of misrepair are expected from the doubly
injured cell (p > 2), especially later in the cell cycle.

The Katz parameters (see table 1) for the delayed experimeuts (Waligorski et al., 1987)
are used directly to estimate o F, Dy, Dy with assumed —L = 1 and provides a good fit, as
expected, to Yang et al.’s delayed pla.tmg data. Good a.greement is found for the immediately
plated cells by taking p = 6 and —1 = 0.7 (for the exponential population). The results are
shown in figure 7. The figure is a.rra.nged in the order of increasing LET, and the sigmoid
behavior associated with multitarget phenomena is apparent for the lighter ions. The sigmoid
behavior disappears at higher LET as the repair processes become less effective and the ion-kill
mechanism of Katz dominates.
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Figure 7. Cell survival of C3H10T 1/2 for delayed plating (A) and immediate plating (). The
dash-dot curves are Katz model values while the present model values are the full curves.

Comparisons of calculated and measured RBE values for several ions are shown in table 2 at
survival levels of 10 percent and 50 percent for immediate plating conditions. The agreement
with experiment is very good except for the U ion. Here, we have not taken track-width effects
in the thin down region into account. The maximum RBE value given by equation (47) with
ari/a; = 0.7 is also shown in table 2. We note that for the delayed plating experiments, no
maximum RBE is predicted in the kinetic model (assumed oy, = 0), as well as in the Katz
model (Katz and Cucinotta, 1991).

TABLE 1. KATZ PARAMETERS FOR CELL SURVIVAL
USED IN THE PRESENT TRACK STRUCTURE
REPAIR/MISREPAIR MODEL

04, cm? K m D,, Gy
C3H10T 1/2 5x 1077 750 3 2.8
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Figure 8. Percent survival at two exposure levels as a function of G delay time before plating.

TABLE 2. RBE FOR SURVIVAL OF C3H10T 1/2 CELLS
(IMMEDIATE PLATING)

10% 50% Maximum
Radiation [LET* |Experiment (Theory) |Experiment (Theory) | Theory
X-rays 1.00 (1.00) 1.00 (1.00) 1.00
C-12 10 1.00 (1.03) 1.00 (1.02) 1.10
Ne20 | 32 1.50 (1.29) 1.56 (1.38) 171
Si-28 50 1.50 (1.52) 1.67 (1.67) 2.28
Si-28 82 2.23 (2.10) 3.00 (2.51) 3.73
Ar-40 140 2.30 (2.60) 3.00 (3.15) 5.00
Fe-56 | 192 2.20 (2.50) 3.10 (3.08) 4.87
Fe56 | 286 2.00 (2.35) 3.00 (2.99) 4.68
Fe56 | 475 1.62 (1.65) 2.72 (2.11) 3.31
U-238 |1860 0.88 (0.43) 1.20 (0.55) 0.86

*LET in units of keV/um
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Although the present results are encouraging, there is a fuller range of protraction
experiments to which the model is to be compared. Furthermore, other biological endpoints
must yet be added and further tested against experimental observation.

Repair Rate Dependent X-ray Experiments

Another useful experiment is the exposure of a stationary G, population and to allow G
phase repair to proceed for a fixed time ¢ followed by plating in which the full cell cycle is
promoted. The initially injured cell population after exposure described by n;(t,) is given by
equations (4) to (7). The G repair phase is described by

mg—1

ng(t) = no(tr) + Z (%) ni(tr) (1 - e"ait) (48)
i=1 *
and
ni(t) = ny(tr)e™ " (49)

If after a time t the cells are placed into a normal cell cycle the exponential phase repair rates
are quite different and the system proceeds at the repair rates found by Wilson and Cucinotta
(1991) as

mg—1 mg—1
rofee) =ralt) + 9= (4 mien) (1-7) 4 3 (%—) mite) e (50)
i=1 i i=1 i

where ¢ remains as the G repair period and a, and a are the repair rate coefficients for an
exponential population. Results are shown in ﬁgure 8 as a function of G delay for two x-ray
exposure levels of 3 and 6 Gy.

Another approach to study G; repair rates is to use fractionated exposures of a G
population. The initial exposure followed by a G; repair period of length t results in a
cell population after repair of

mg—1 .
ma(0) = na(tr) + 3 (2) mte) (1- 7o) (51)
i=1 *
and
ni(t) = niltr)e™o4" (52)

A subsequent second exposure of equal duration ¢, results in a new population

no(te) = no(t) e~Fr (53)
ni(t) = ny(t) e ¥ + ky tr mo(t) 7R (54)
() = na(t) €™ +ma(e) by tr €M+ 2 mo(t) KE 2 K (55)

which if plated immediately after exposure yields

Ml (ol
o) i)+ 3= (%) &

i=1

These results are compared to the variable repair and fractionated exposure experiments of
Yang et al. (1989) in figure 9. The agreement is excellent.
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Figure 9. Comparison of present theory with Yang's experiments for single and fractionated
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Target Fragments in Proton Induced Kinetics

The target fragmentation fields are found in closed form in terms of the collision density
(Wilson, 1977), because the fra,gment ions are of relatively low energy. Away from any
interfaces, the target fields are in local equilibrium and may be written as

$a(z, Ea; Bj) = A (Ea) / dE"J(E E)¢,(x E;)dE’ (87)

where the subscript « labels the target fragment type, So(E) the stopping power, and Eq
and E; are in units of MeV.

The particle fields of the projectiles and target fragments determine the level and type of
radiation damage for the endpoint of interest. The relationship between the fields and the
cellular response is now considered within the Katz cellular track model.

The ion-kill term now contains a projectile term (Cucinotta et al., 1991b) as well as a
target fragment term as
00
(0F) = 03(E)é3(z, B) + 3 /0 dEoato(, Eai E;)0a( Ea) (58)
o
while the corresponding gamma-kill dose becomes
Dy = [1 — P;(E;)|S;(E;)#;(=: Ej)

+ ;/o-w dEa[l - Pa(Ea)]Sa(Ea)qSu(z, Ea; EJ) (59)

Use of equation (57) allows one to define an effective cross section as

7B = o3(E5) + 7 ama el / ap et B (60)

The first term of equation (60) is caused by the direct ionization of the media by the passing
ion of type j. The second term results from target fragments produced in the media.
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Figure 10. Katz cross section for protons in C3H10T 1/2 cells.

The Katz (Waligorski et al., 1987) cellular parameters for survival of C3H10T1/2 fit to
the experiments of Yang et al. (1985) as given in table 1 are used to evaluate target fragment
contributions according to equations (59) and (60). General agreement with the measured
RBE values (Waligorski et al., 1987) was found using these parameter sets. The single-
particle inactivation cross section neglecting target fragmentation of equation (60) is shown
in figure 10 for cell death as a function of the energy, MeV, of the passing proton. The
target fragmentation contribution [second term of equation (60)] has been evaluated and also
shown in figure 10. For protons, the effect of the target fragments (dashed line, the second
term of equation (60)) dominates over the proton direct ionization (dotted line) at high energy.
For high-LET particles (low energy), the direct ionization dominates and target fragmentation
effects become negligible. The effects of target fragments on the gamma-kill dose equation (59)
are small (Cucinotta et al., 1991b) and are neglected here. The effective cross section is now
used to study the repair capability of the cell for target fragment induced lesions. We have
calculated the immediate and delayed plating response including target fragment contributions
and compare these with results in which target fragments are neglected (see figure 11).

Results for 10 MeV proton exposures are shown in figure 11a. The response curves
are characteristic of x-ray exposures and target fragments play a small role at this energy.
Exposures at 50 MeV and 100 MeV clearly display target fragment effects (figs. 11b and 11c)
but are beyond our ability to measure in biological experiments. Target fragment effects are
quite large at 1,000 MeV and show in figure 11d clearly a reduced capability of the cell to
repair fragment induced lesions. When target fragments are neglected the response curves are
nearly those expected for x-ray exposures.

Remarks

The multilesion track structure model described herein agrees well with the available
experimental data for C3H10T 1/2 cells. The lack of repair capability of the cell for target
fragment induced damage by high energy protons is predicted by the model. We must await
further experiments to confirm these predictions.
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CELL KINETIC EFFECTS ON RBE

Radiation exposure limits and the associated biological risks are mainly estimated from
human exposures at the two nuclear weapon sites of WWII and were predominately due to
-rays (BEIRV, 1990) although the neutron component is still uncertain. The quality factor Q
is defined as an extrapolation factor for risk estimation for radiations of different quality and
is a judgment from estimates of RBEy, as the low dose limit for selected biological endpoints
(ICRU, 1986; Sinclair, 1985). It is assumed that RBE,, is dose rate independent and is
achieved in controlled laboratory experiments usually with single exposure of the biological
specimens. Cell cultures are playing an increasing role in determining RBE,, since the large
populations required for low dose response is more easily achieved. An added advantage of
cell culture studies is that the role of the effects of radiation quality may be better understood
(Katz and Cucinotta, 1991) and the role of cell kinetics can be studied more directly in these
simpler biological systems (Yang, et al., 1989). The limitation of the cell radiation studies is
that the relationship of in vitro response to in vivo response is not fully understood. In the
present section we use a simple kinetic model to shed some light on the use of cell culture
derived RBE’s and their possible implication for tissue systems within an organism.
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Cell Kinetics

Ionizing radiation interacts with matter through the formation of radicals ultimately
producing what we call the nascent lesions. These highly active chemical species produced
within the cell may leave permanent structural change (misrepair) or restore the cell (repair) to
its initial state. If these structural changes occur within the DNA then subsequent generations
may exhibit new characteristics or the cell may be unable to undergo cell division for which
death of the cell occurs.

There are many ways in which the DNA could be changed to cause cell death but only a
few specific changes are allowed to reach other biological endpoints (Goodhead, 1985). Herein,
we treat only those lesions which lead to cell death and write kinetic equations (Wilson and
Cucinotta, 1991) for the time development of populations rn;(t) with i-fold lesions as

fo(t) = Y arni(t) — kno(t) (61)
i=1
i-1
Ai(t) = ) ki jni(t) — kny(t) — aqna(t) (62)
=0
Ag(t) =Y amni(t) (63)
t=1

where the k; are proportional to the charged particle flux (primary and secondary), oy, are

the repair rates, cy,, are the misrepair rates, and ny(t) is the population of misrepaired cells.

Conservation of cells within a given cell cycle requires k = k3 + k3 + ... and a; = ar; + om,.
The ratio or,a;” ! is the kinetic repair efficiency.

The k; kinetic coefficients are related to the Katz model for the highly repair efficient

stationary G; phase cells as
S
k1 = (mq!)™d Dy/Do (64)
kmy =0¢ (65)

where all other k;’s are taken as zero and the remaining quantities are all given by Katz as
. g
Dy = (1 - %) L¢ (66)

where ¢ is the local charged particle lux (primary and secondary), L is their corresponding
LET, o is approximated using the Katz model, equations (29) to (31).

The repair coefficients are found to be cell phase dependent and the stationary G1-phase
repair efficiencies are near maximum for i < mgy and near zero otherwise. The exponential
population showed relatively high single lesion repair efficiency and much lower multiple lesion
repair efficiencies (see table 3) in analyzing the repair dependent experiments of Yang, et al.
(1989). As examples, the G repair enhanced exposures (delayed plating) and exponential

TABLE 3. SURVIVAL REPAIR RATES (h~!) AND
REPAIR EFFICIENCIES

G1 Phase Exponential Phase
) 1 2 >m 1 2 >m
o .25 125 < .08 .25 125 < .08
a0t > .97 > .84 ~0 7 118 ~0
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phase repair exposures are compared to the present results in figure 7 for various ions (Wilson
and Cucinotta, 1991) and with x-ray fractionated exposures {Wilson, Cucinotta, and Shinn,
1991) in figure 8. We will use this model to study the functional dependence of RBE at low
total dose for G phase and exponential phase repair processes.

Low Dose Rate Exposures

We consider now a special solution of equations (61) to (63) for an exposure field with a
low constant dose rate (a; > k; for all i, 5). At low dose rates the populations of cells with
lesions can be approximated as

ni{t) = king(t)/en (67)
na(t) = k¥ng(t)/aran (68)
na(t) = (k}/araz03 + k3 /as)ng(2) (69)

In the case of low total exposure ng(t) may be taken as constant and the accumulation of
misrepaired cells is written as

M (t)  omy 31— P)D L omy 3 (1— PY2DD
ng o Dy ap Diay
1- Py*D2D
4 omy L= P DD | omg o (70)
ag i;‘galaz az L
where D is the dose rate and P = o/0g. In the case of an exponential population (%'"11- ~ 0.3

so that the first term is always dominant over the second and third term for very low dose
rate exposures (Dozi—1 <« Dy). The RBE is found to be

“lams a1 o
RBE,=1-P+6"3—_— _D 71
m + a3 amlL 0 ( )

as was found for our earlier result (Wilson and Cucinotta, 1991). If the repair efficiency of G
phase is highly efficient (a?";l < 0—.’%3) then the higher order terms of equation (70) cannot
be ignored in determining RBE for which there are important dose rate dependent factors
whenever D 3 a; Dy =~ 0.01 Gy min~!. At much lower dose rates (b« 0.01(—)(;"'13L Gy min~1))
then the RBEy, given by equation (71) is obtained. A parameter study using the data in
figure 7 shows %1 < 0.03 corresponding to 97 percent repair efficiency as noted in table 3.
Taking this as the lower limit on G; repair efficiency the dose rate dependent low-dose limit of
RBE is shown in figure 12. Although the exponential population RBEy, is easily achieved for
all the ions shown in figure 12, the G1 population RBE shows a strong dose rate dependence
with the RBEy, reached at effectively zero dose rate. Clearly RBE,, will be difficult to measure
experimentally.

Results and Discussion

Values of RBEy, are shown for the exponential population in figure 13 and table 2 according
to the parameters in tables 1 and 3. Also shown in table 2 are RBE values measured by Yang,
et al. at two exposure levels (corresponding to 10 and 50 percent survival levels). It might
be surmised that a slight increase in repair efficiency for the exponential population may be
appropriate according to table 2. The RBE for *He ions (Bettega, et al., 1990) shown as the
single datum in figure 13 was measured at 0.01 Gy exposure. A 10 percent increase in amy 0y 1
would bring the theory and the ‘He datum into agreement. There are no low dose and low
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Figure 12. Predicted RBE for G, stationary and exponential population as a function of dose
rate for various ion types.

dose rate measurements with which to make comparison for the G; population. Values greatly
in excess of those given for the exponential population are expected. The low dose rate RBE
measurements would be helpful in establishing the G phase repair efficiencies.

Considering that highly differentiated tissues consist mainly of G; phase cells at any instant
of time one might argue that the relevant RBE’s for the mouse would be the stationary Gy
phase values which have not yet been measured and are difficult to estimate from current G
phase studies. The exponential phase RBE,, then appears as a lower limit on the relevant
RBE values. Clearly the relevance of RBE,, of the exponential population to the mouse cannot
be adequately resolved until the relationship of cell culture experiments to tissue response is
better understood.

GENERALIZED LINEAR KINETIC MODEL

We assume at low total dose (<10 Gy) that cell injury is through damage on specific
loci along the DNA strands and such loci are related to some characteristic of the cell. The
nascent lesions are assumed to be chemically active species which directly involve the locus
of interest. We label the loci as [ and the number of lesions within the loci as i. Each locus will

316



100

O Experiment for 101 keV pm! 4He

RBE 10

14

PSR | TR | L4 11111

1 10 100 1000 10000
LET, keV pm’!
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value measured by Bettega, et al. {1990) for low energy 4He ions at 0.01 Gy.

have lesion generation rates and repair rates similar to our multilesion model discussed in the
previous sections. The initial uninjured population ng(0) then develops in time as

Ag(t) =D apy myit) — kno(2) (72)
I

where ny;(t) is the number of cells with one loci [ damaged with i lesions and oy is
the corresponding repair rate coefficient and k is the rate at which damage is induced in
the population. The a;); represent the rates associated with a complex series of events
resulting in the final repair of the locus. We assume a corresponding misrepair rate coefficient
apy; for which the highly chemically active species (radicals) have been stabilized but the
corresponding locus is left in a misrepaired state

m(t) = Z ompmui(t) + E oy () = kny (8) (78)
i
and results in a permanent change in the state of the cell. The number of cells with [, i satisfy
similar equations

i-1
Ai(t) = Y i (8) + kuno(t) + 3 ki jnuj () — kngg(t) — agnyi(2) (74)
14 j=1

where the collision induced lesion rate coefficients satisfy

k=3 ki (75)
Ii
with
ap; = Qplj + amy; (76)

and nyp.(t) are the cells with lesions at two loci and similar rate equations.
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There are many ways in which a cell can be injured leading to clonogenic death and
only a few specific changes can occur for the cell to transmit altered character to subsequent
generations. If we sum over those loci associated with cell death and other specific target loci
associated with altered characteristics then the above equations undergo great simplification.

First we define
kg = Z ki ()
led
where led denotes all [ which are associated with cell death. Then the total rate of induced
injury is
ki=kg+ ) ki (78)
les

where les are associated with injury at loci associated with survivability. The les would include
neoplastic transformations or mutagenic changes in the DNA. The repair rates are similarly

defined as
ag =y o/ Y1 (79)

led led

We assume all of the individual rates k;; and oy are of similar magnitude so that the equations
may be rewritten in terms of sums over led. Equation (72) is then

fo(t) = D argingi(t) + D animui(t) — kno(t) (80)
i Li

where the second sum is over all | which do not contribute to d. Similarly equation (73)
becomes

fig(t) = Z omdingi(t) + Z amgia(t) + Y Amairmiap () — ksna(t) (81)
and
w(t) = Z Amiii(t) + D gy (1) — kamy(t) (82)

with equation (74) given by

i-1

fgi(t) =Y cppmpagi(t) + kaimo(t) + ) kai—jngi(t) — kng(t) — aamai(t)  (83)
v J=1
and
i-1
uilt) = ) cpgprmiiger(t) + kuno(t) + D kiimjmuj(t) — krug(t) — aqamai(t) (84)
i j=1

We further give the time development for cells with more than one loci injured as

i-1 i-1
P (8) = Kpinggr () + kaggmii(8) + D Frijrusap (8) + D Kagr rmigigye ()
j=1 =1
= knyap (t) — ogingigu () — aggmyigy () (85)

where the cells n;(t) are small in number compared to ny4y(t) and are neglected. The
corresponding misrepair equations are

i-1
fuid(t) = Y Cariigy () + kina(t) + ) kiiojmuja(t) — kaniia(t) — enniia(t) (86)
¥ =1
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-1

‘illdil(t) = zamunlidi:(t) + kdilnl(t) + Z kd,-/_jmldj/ (t) bl kdnldil(t) et ad,-m,d,-:(t) (87)

i =1
Note that
ks = Z kli (88)
les
1
ka=ky (89)

led
i

are the total injury rate coefficients for altered cells and cell death respectively. In the following
we will treat only neoplastic transformation and clonogenic death. Other biological endpoints
are easily treated in the present formalism. We will now use the repair kinetic studies of Yang
et al. and the Katz formalism to evaluate the kinetic coefficients for the C3H10T1/2 system.

Katz Model for Transformations

As before in the Katz model, there are four cellular parameters to describe the response of
the cells for a given biological endpoint, two of which (m, the number of targets per cell, and
Dy, the characteristic x-ray dose) are extracted from the response of the cellular system to z
and <y irradiation. The other two (op interpreted by Katz as the cross-sectional area of the
cell nucleus within which the sensitive sites are located and x, a measurement of the size of
the sensitive site) are found principally from cell assays after track-segment irradiations with
energetic, charge particles.

As discussed before the capacity of cells to accumulate sublethal damage, two modes
of injury are identified: “lon-kill” (corresponding to intratrack effects) and “gamma-kill”
(corresponding to intertrack effects). When the passage of a single ion damages cells, the
ion-kill mode occurs. In the grain-count regime, the fraction of cells damage in the ion-kill
mode is taken as P = ¢/0g, where o is the single-particle injury cross section and P is the
probability of damage in the ion-kill mode. The track model assumes that a fraction of the ion
dose, (1— P), acts cumulatively with that from other particles to injure cells in the gamma-kill
mode. The untransformed fraction of a cellular population ng(co), whose response parameters
are m, Dy, oy, and x after irradiation by a fluence of particles F', is written

ng(oco
7(10 ) = X Ty (90)
where
m=eF (91)
is the ion-kill injury probability and
m=1- (1 - e"D‘Y/DO)m (92)

is the gamma-kill injury probability. The gamma-kill dose fraction is

Dy=(1-P)D (93)

where D is the absorbed dose as in the case of cell inactivation. The single-particle injury
cross section o is given by equation (29) as in cell inactivation. The transformation yield, Y;
is written as

Vi=1-m xmy (94)

It is the way in which transformation experiments are performed that one observes not the
fraction of uninjured cells or even the transformation yield (the number of transformations
per cell at risk). Rather survival experiments run concurrently and among the cell colonies
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(survivors) that are observed, a fraction are transformed colonies. The fraction of surviving
colonies which are transformed is called the transformation frequency, F;. In our computa-
tional model, we find directly the transformation yield which is relatable to transformation
frequency and survival fraction S as

Y: =SFt=(1"""i x1r7) (95)
At low dose levels the survival fraction approaches unity so that

To compensate, we allow for changes in the four Katz parameters as fit to frequency data.
We now reconsider the relationship of the Katz model to the kinetics model.

Physics and Kinetics of Cell Injury

We again define the relationship of repair to the Katz model parameters within the context
of the present repair kinetic model. We use the same approach as used in the cell survival
model. We first consider the impulsive exposure of a cell population for a short time period
ty after which the cell population is given by

no(tr) = no(0)e™*r (97)
nai(tr) = kaitrno(0)e ™5 (98)
1 _
ngg(ty) = (kdzt,- + -z—ikglt?.) ng(0)e kty (99)
2 2,1.3.3 —kt,
nay(tr) = | kastr + gikazkarty + gikinty | mo(O)e (100)
1 (tr) = kintrng(0)e™ (101)
1 _
ma(tr) = (atr + gi4he2) mo(@)eH (102)
2 _
nna(tr) = gkzlkdltzno(ﬂ)e ktr (103)
2 2,3,2, 3 —kt
maa(tr) = { grkukasts + gika kntr ) no(0)e™™ (104)
2 2,32, 3 —kty
mgar (tr) = grkatkity + ki kaity ) no(0)e (105)

and similarly for higher order terms. After the exposure period the system is allowed to repair
in the G stationary phase where repair efficiencies are near maximum. The repair kinetics
subsequent to exposure are described by

nyiap (t') = e~ (et n ey (106)
. Qpty —tra: - .
nd,-(t) = e"o‘ditnd,'(tr) + Z ﬁ:l" [e agit _ e (all,'l+ad|)t} nl’i’di(tf) (107)
vy R
n(t) = e Heny(tr) + 3 tTdf [e"‘”i* ) e_(amadﬂ)tJ iy (tr) (108)
! 13
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mialt) = 3 4l [e"’h‘t - e‘("“*"d*"‘} g (tr) (109)

7 adi/
T I
ngi(t) = o'z:d: [ agit _ o~ (ogptagt }"li’di(tr) (110)
i i

ng(t) = Z Bmdi (1 - e_a"‘t) ngi(tr)

adi
+ Z ﬁa—"ﬁ {(1 — e'auf) _ (au :’-liadil) (1 _ e_("li'*"’di’)t)] ngig(tr) (111)
m(t) = Y 2 (1 - o) mytr)
7 o
P
+ Z aa":‘ o:;" [ — e %t — (a—”%) (1 - e”("““’di’)t)}nudi'(tr) (112)

The number of uninjured cells is

'no(t) =ng tT‘ + Z le ( e—adi’t) ﬂdt(tr) + Z %’:lli (1 — e_alit) ’nh(tr)
1

gy

Qrii —o gt Qg —(o g oyt
+ Orai? Orii |} _ p-ogt _ (1 — dif T T 9 (t
2 agy o agy + oy ¢ ta (1)
2rli Frdi! —ay;t Qi ( —(a o -)t)
+ A L) 1-— W - — 1- d ti a(t
> ay; gy [ € (ali+adi') e e nyai(tr)  (113)
and the number of survivors is
ne(t) = noltr) + ), (1 —e ) milte) + (;:‘I ( - e_"‘di") gy (tr)
+ Z rd:’arlt _ e_adit _ _ﬂ_ 1— e_(au+adi')t nl'd'(tr)
agrop; gy + ayy ot

sz _ oot __L (1_ —(a“-f-dd-l)t) (2 114
2 oyt [ ) (azi+ada ¢ ) gt (114)

If the cells are allowed to complete their repair then the number of survivors is

Qi o, g1 [ Qg O gt
ne(00) = nolte) + Y_milte) + 3 ‘;;*, ngir(tr) + ;:L (—'—d—) Ay (tr)  (115)
13 1

i\ ap t+ogy

and the number of transformed cells is

[s 4 [s3
mi(00) =y ";“nh tr)+ Y "‘f‘ — i tr) (116)
‘l
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We now look to the Katz model for guidance in estimating k's. We again use the G
stationary phase parameters for which m; and my are determined by Katz and we assume

Omdi %0 i<my (117)

amli =0 i<m (118)

Expanding the Katz model in the low dose limit and equating to the lowest surviving terms
in equations (115) and (116) results in

kdmdtf = O'dF (119)
1D,
kaitr = (myg!) ™ =14 (120)
Do
Kimgtr = O F (121)
L1 D
kntr = (my) ™ =1 (122)
Dy

where a4, my, D4, Dyg are the usual Katz functions and parameters for cell death and
o1, my, Doy, Dy correspond to the values for cell transformation. The og; and a,q; will be
taken from our earlier study of cell survival and the oy; and oy will be found by analysis of
the data of Yang et al.

The series solutions given by equations (115) and (116) converge slowly at high dose and
it is convenient to perform some of the summations in closed form. For example, equation
(115) may be written as

md—l o0

- Q.. gil Qpp; + Qg

na(oo) = npe kdt'r + E ar:'l [ndil(tr) + E (;::—_;_—0:‘7) nud,-/(tr)] (123)
=1 @ i=1

with corresponding values for equation (116) as

md—l
— kst _ 1) —ktr Srdi!
ny(00) (e [e ng + Z . ngy(tr)

yo1 O
m;—1 mg—1
Qrli |y, Xrdif
_ ‘Zl ali [ﬂ.l‘(tr) + ,Zl ay ’nudil(tr)jl (124)
= =

These expressions apply to both the delayed plating experiments (o, =~ «) as well as the
immediate plating experiments of Yang et al. provided the appropriate s are used.

Delayed Plating Studies

Yang and coworkers have utilized the following protocol, G stationary cells are given a
high dose rate exposure. G stationary repair kinetics are utilized by retaining the population
in G phase for 24 hours before plating and scoring the cell modifications. Exponential phase
repair kinetics are envoked by plating the cells immediately following exposure. The scoring of
these protocols relate to the repair efficiency of an exponential population. Experiments with
variable delay times allows evaluation of the repair rates. The delayed plating and immediate
plating experiments are described by equations (115) and (116) with repair coefficients for
G stationary and exponential populations respectively. Description of the variable delay
experiment require further development.
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The cell populations subsequent to exposure are described by equations (106) to (112)
where ¢ is the time period. If at time ¢ (delay time) the cells are plated then the final
populations are given as

o [+ al
na(o0) = no(t) + Yo mui(®) + 3 5 "mﬂ+§:rm(é%%f)WMﬂ (125)

mwwmzdm+24;ﬂw> (126)
1

i

where the o coefficients are the G stationary values and o’ coefficients are the exponential
phase values. The coefficients for cell death from our earlier studies are given in table 3. We
have used the transformation studies of Yang et al. to determine the transformation repair
coefficients using the Katz parameters in table 4a. The results for x-ray exposures are shown
in figure 14. The original Katz parameters were fit to transformation frequency whereas the
coefficients in our model relate to transformation yield. As a result we made some adjustments
in the Katz parameters in arriving at our results in figure 14. It is difficult to ascribe the
quality of fit to Yang’s data due to scatter in the experiments. What is certain is that m; = 3
is the only value consistent with the immediate plating data. The corresponding results are
shown in figures 15 and 16 for various ions. The scattering in the transformation data limits
our ability to evaluate the model.

CELL CYCLE RADIATION SURVIVAL MODEL

Living cells are found to proceed through a series of events leading to cell division referred
to as the cell cycle. There are two significant events denoted by S-phase (synthesis of DNA
material) and M-phase (cell division). These phases are separated by two gaps called Gy
(following mitosis) and G (following S and preceding M). The cell cycle may be limited
by the physical/chemical environment, interaction with adjacent cells, or available nutrients.
Indeed, the growth of specialized tissues in complex organisms is controlled by cell contact
interaction and exchange of growth controlling chemical compounds (Allen 1962).

The role of repair in radiobiological response was elegantly presented by Fritz-Niggli (1988).
The (early) S- and M-phases appear accident prone for which G; and Gy are instrumental
in making repairs. Evidence of these facts lie in the following observations. First, the errors
of the S- and M-phases are normally repaired, otherwise life would not exist (Fritz-Niggli,

TABLE 4a. KATZ C3H10T1/2 CELL PARAMETERS

o9, cm? k m Dg, GY
Survival 5x 107 750 3 2.8
Transformation 7 x 10711 475 3 117

TABLE 4b. TRANSFORMATION REPAIR RATES
(h~1) AND REPAIR EFFICIENCY

G1 Phase Exponential
i 1 2 >3 1 2 >3
a; 25 125 <.08 25 125 <.08
or,a] 1.0 1.0 0.0 99 70 0.0
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1988). Second, radiation injury sustained in (early) S- and M-phases is more likely to end
the cell line than injury received in the (early) G1- and Ga-phase (especially early G and
late Gy, Sinclair, 1968). The cell cycle progression can be blocked (delayed) in Gy or G3 by
injury sustained in that phase until the injury is repaired (Mitchison, 1971)). These simple
facts alone provide insight as to the biological response of more complex organisms.

A tissue from a complex organism exhibits a distribution of cells over various phases.
The highly differentiated tissues are predominantly stationary G and are well known to
be radiation resistant. That (stationary) G repair systems are highly efficient would seem
necessary to preserve complex organisms. Stem cell tissues have significant populations of
M- and especially S-phase cells and are in part responsible for acute radiation syndrome in
higher animals. Immature individuals are more sensitive than adults and the embryo is most
sensitive of all. Clearly, a viable model of radiation response must account for the varying
repair kinetics for the differing cell phases and the distribution of tissue cells within the cell
cycle.

§102 - S102— : , :
g [ — Present 1 § [ — Present ]
& [ - Kamz & | -—-Katz ]
& o3[ ~ Yangetal 1 8,08 ® Yang et al ]
2 - (1985) 1 2 'YF (1985) ]
o [ s i ? ﬁ ? ]
= - T
2 1074} 4 2104t e
s s | -
A, : AR

S L0 N P o NN 4 A I T
3 10 210
Z 401 100 101 102 2 10! 100 10! 102

Dose (Gy) Dose (Gy)
(a) Immediate plating x-ray. {b) Delayed plating x-ray.

Figure 14. Transformation frequencies for x-ray exposures.

Ultimately, the radiation response of an organism or tissue is determined by the biological
processes of individual cells. It is the specific molecular structures and their physical
interaction with passing ionizing radiation which initiates the response mechanisms, but the
cell’s ability to repair such physical insult is a primary determinant of cell sensitivity to ionizing
radiation. In that the progression of cell chemistry is controlled by cellular environmental
factors, individual cell response is governed in part by external factors for which there is some
experimental control. Indeed, the environmental factors existing within tissue systems are
ultimately related to carcinogenic response. From this viewpoint, cell repair kinetics and the
relation to cell environment is of fundamental importance in understanding radiation effects
in biological systems.

In the present section, we show how to develop a more comprehensive model of the cell
kinetics. The present model lacks age dependence within the cycle. We still rely on the
Katz model for a description of the physics of the track structure. The cell kinetics are
represented by an unbounded set of coupled linear differential equations describing multiples
of lesions within the cell. The kinetic coefficients in the model are to be determined from
repair dependent cell response data.
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Figure 15. Transformation frequencies for various ions. Delayed plating.

Cell cultures of higher animal cells cycle in approximately 24 hours. The cell populations
ni, ng, ng, ng represent the phases Gy, S, G3, M and satisfy the approximate equations

f = 2ny/74 —m1 /T

fig =n1 /T —na/T2

A3 =ny/ry — nz/m3

ny = ng/m3 —ng/7y

(127)
(128)
(129)

(130)

The time spent in mitosis, 74, is quite small compared to the other phases so that ny is in
near equilibrium with ng so that the approximate equations can be used

ny = 2n3/m —ni1/n

(131)
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fig =n1/T1 — ng/7y (132)
i3 = ng/T3 — ng/73 (133)

Furthermore, these three phases are sometimes of near equal duration sothat 1 = 1 = 7 =~ 73.
One may then show that for an initial G; population that

n=nge " rng s (L St # £ ey (134)
L="0 03\7 ™31.5 6 ¢

4
1 t -
n2=no;e T 4 g T 4(;) ety . (135)

2 5
ng = ng (LY e +ng 1 LY et +... (136)
2\T 3-4.5\71

The total cell population is given by
Y ) d et (2'7 - 1) 3+ —t/T

2 ~1 3i+2 —t/r
+"°JZ((3J'+2))! (?) e (137)

We note that the present cell phase model is never fully synchronized resulting from the lack
of an age variable within each phase. This is not a serious limitation since real cells loose their
synchronization after about two cycles. More importantly, cell repair efficiency varies within
a given phase which must be treated in a comprehensive model. Equations (130) to (136)
will be used herein to describe the cell phase kinetics for exponential populations. The time
development of an exponential population is shown in figure 17. The first generation phase
populations are shown separately as is the second generation G| population. Growth limited
populations require 71 3> 73 + 73 and a corresponding generalization of equation (137).
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Tissue systems are noted for their low degree of mitotic activity obtained in the above
model for 7y > 73 >~ 73 = 7. This leaves the ny and ng populations in near equilibrium with
the n; population as

ng ~ mny1/m (138)
ng =~ 13n1/71 (139)

and the solution to equation (131) is
n1(t) ~ ny (0) /N (140)

At any given time S-, G- and M-phase cells will be very few as a result of /1 <« 1. If 7,
T3 are the same as for the exponential population above the doubling time for n; given by
equation (140) is on the order of one year. We now consider the coupling of the cell phase
kinetics with the cell repair kinetics as we have used before.

RADIATION INJURY AND REPAIR

We define ny;(t) as the number of cells in phase labeled by s which have received a number
i of radiation-induced lesions at any time, ¢, in the original population of cells, ny, (t = 0).
Lacking a mechanistic foundation, we will consider an average lesion and neglect differences in
the types that will occur. More important will be an accounting of the number of lesions that
do occur. We also assume herein that cell death is independent of where the lesions occur;
the treatment of other biological endpoints will require the differentiation among specific loci
within the DNA and was dealt with in the previous sections.

We assume that these lesions are subsequently chemically stabilized and may either restore
the cell to its initial structure or leave permanent changes which alter the cell function. The
kinetics of cellular repair will, to a large degree, determine the time development of the initial
population of radiation-produced lesions. Survival curves are based on measurements long
after the induction of lesions by radiation and are functions of both the track structure of
the radiations and the repair kinetics. The progression in time of the cellular populations
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ngi(t) is assumed to be governed by a coupled set of linear first-order differential equations
reflecting the losses and gains by radiation injury and repair. The rate at which radiation-
induced lesions are produced is denoted k; and is assumed to be cell phase independent. The
k; scale linearly with the flux of ionizing radiations and will depend on particle type, i.e.,
track structure. The mean lesion repair rate (averaged over loci with i-fold lesions) is denoted
a,; and the number of i-fold lesions repaired per unit time is then oy n,. The equations
within a given cell phase which determine the change in the lesion populations with time are
given by

o0

Ngo = Z Qsr; Tlgi — k nso (141)
i=1
i-1

Rsi = 3 kioj g —k ng — oy ng (142)
i=0

where the subscript 7 of n,; denotes the multiplicity of (chemical) lesions. We allow for lesion
misrepair in the model by the time evolution equation for misrepaired cell m as

00
Mg = Z Qgmi Nsi (143)
=1

Conservation of cell number dictates o, = gpi + Qgm; and k = k;y + kg + ... within a given
cell phase. In equations (140) and (141), we have assumed the rates k; are independent of
possible previous lesions; however, this restriction could be lifted if necessary. The lesions are
chemically active species neutralized by enzyme activity and radical recombination at rate
constants ag,;. The a,r; and oy,,; are repair and misrepair rates for the lesion to be restored
(asr) or permanently injured (cgm). This is not the most general model but reasonably
represents the essential kinetics for cell survival.

The effects of radiation injury on the cell cycle kinetics has been reviewed by Casarett
(1968) and the implications will now be modeled. Cell populations with no lesions (including
those which are repaired) undergo the usual cell cycle. We assume injured cells progress to
G2 where repairs are completed (G block) before mitosis. The appropriate equations are
given as

n1o = 2 ngo/m3 — nio/n —k nio+ Y _ ey ny (144)
i=1
i-1
i = —fi ni/m+ Y kioj nyj — knyi — o ny (145)
i=0
Az = n10/m1 — ng0/T2 — k ngg + Y 0gpi g (146)
i=1
i1
figi = Bi myi/m ~ wingi/Ta + 3 kij na; — k ngi — ag; ny; (147)
Jj=0
730 = ng0/T2 — n30/T3 — k N30+ Y 03es N (148)
i=1
i-1
figi = ¥ingi/T2 + Y kij ng; — k ng; — az; ng; (149)
i=0
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e =)  Gemi Ni (150)

i=1

where m, are the number of misrepairs in a given cell phase S and are assumed to terminate
the cell. The total number of cell deaths is m = m; + my + mg. In practice there is a G
block with a repair efficiency different from the Gy stationary phase. This must be dealt with
using a G age dependent repair rate beyond the scope of the present work.

In the above equations are many parameters which must be determined. The 7, parameters
related to cell cycle times are characteristic of the cells and their environment. We will assume
5 and 73 are fixed by cell properties but 7, is easily affected by environmental factors. The
k; relate to the formation rates of nascent lesions and are linear in particle fux. The k;
are functions of track structure. The a's are functions of the cell repair chemistry and
determine how the nascent lesions are ultimately resolved by the cell. In previous work
we have determined the k coefficients using the Katz parameters and assumptions concerning
the G repair efficiencies. We will show how these methods apply to the present formalism.

Physics and Kinetics of Cell Injury

In the Katz model, it is assumed that electromagnetic radiations form single lesions with
an efficiency related to D, and generally more than one lesion (m > 2) is required to express
the biological effect (cell death in the present study). It will be useful to first consider the
case of irradiation in stationary Gi-phase where misrepair effects are small. If the cells are
irradiated in G; and are held (m — o0, 7, 73 < 71) in this phase until repair is complete,
then the surviving population is from equations (143) and (144) as

m—1
n1g(00) = nioltr) + 3 (021") n1i(ty) (151)
i=1 t

where assuming maximum repair in G implies ‘-’gf‘i ~ 1 for i < m. Equation (151} allows us to
relate the k; coefficients to the corresponding Katz parameters as applied to the appropriate
experimental protocol (namely, G, exposure followed by complete G repair). In the kinetic
model, n1g(0) is the initial number of G cells, and equation (151) is rewritten assuming
maximum repair efficiency as

m-1

m—1
n10(00) _  _ke, —kty , 1 —kty
— . ko t .
nlo(O) e +z:k1tr€ +2| ]_r;k‘tre

i=1

1 m-2 _ 152
+§(k1tr)2;k1t,-ekt"+... (152)
i=

We consider first the example of an m = 3 system. According to the Katz model, an m = 3
system has a «y-ray response given by

___’::’0(:5) x]- (1 - e—D7/D°)3 ] - (%})3 (153)

For ~-rays, only single-step transitions are allowed. This assumption leads to the identification
applied to equation (152) if

1
k1 t 2 63D,/ D, (154)
kmtr =0 (m>1) (155)

as is appropriate for vy-rays as was assumed for inactivation in equations (41) and (42).
For ions, m-step transitions may occur through multiple é-ray production leading to a
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non-zero kpy,. The correspondence between the ky, and the cross section o is then determined
from the remaining Katz terms by noting for strictly ion kill kinetics

k3 tr = oF (156)
kytr 0 (157)

Requiring kg to be zero results from our matching of equation (151) and equation (34) at low
dose. There may be non-zero values of kg, but they cannot be strictly determined from the
present form of Katz's theory. Radiation rates ky, for ¢ 3> m are also not considered in the
Katz model. Although the k;'s may reflect both physical and chemical processes because of
their empirical nature, we assume here that they are most clearly identified with the physical
processes discussed by Katz. We now examine means by which repair rates can be estimated
at least for some experimental cell systems.

Impulsive Exposures

The typical exposure protocol uses an intense particle beam in which exposure times are
short compared to the cell cycle period and the cell repair times. The distribution of nascent
lesions are then given for each phase of the cell cycle as

neo(tr) = ng0(0) e (158)

ne1(tr) = ng(0) k1 t e ¥ (159)
1

ng2(tr) = ngo(0) [5 k2 ekt 4 ky ty e—kt’] (160)
1

ne3(tr) = ng(0) [ﬁ k83 e7®r 4 k) kg 82 7R 4 ks 8, e-"‘r] (161)

and similarly for higher order terms. Equations (158) to (161) may be taken as the initial
populations for the cell system described by equations {141) to (150) with the corresponding
k; coefficients taken as zero. A general solution is found as follows.

We assume a solution of the form (i > 0)

ng(t) = Z [a,,-j th eVt 4 byt e M2t 4 csij t/ e"’31't] (162)
par

The initial conditions are met as

a1i0 = n15(0) (163)
baio = n2i(0) (164)
czio = n3i(0) (165)

with all other a4, bsi0, Coio being zero and

vii =B 7+ ey (166)
voi =% 151 + o (167)
v3i = a3; (168)
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The remaining coefficients of equation (162) are found to satisfy recurrence relations which
allows evaluation of the sums term-by-term. The recurrence relations for each cell phase are
distinct with the following valid for Gy-phase (s = 1)

(7 + Va1 =0 (169)
(7 + Dbrijpr = (vai — vii) brij + i baij/m2 (170)
(7 + Dewgje1 = (vai — vii) cij + % c2ij/m2 (171)

The corresponding S-phase relations (s = 2) are

(5 + Dagije1 = (v1i — i) a2i5 + B a5/ (172)
(7 + Dbaijp1 = B buiz/m (173)
(7 + Vegijpr = (vai — vai) eaij + Bi cui/m (174)

with similar Gg-phase relations (s = 3)

(7 + Dagij+1 = (v1i — vai) asi; + i a2i5/72 (175)
(5 + Dbaijp1 = (vai — v3;) baij + i baij/m (176)
(7 + Deaij+1 = i c2ij/ 2 (177)

In writing the solution in the form of equation (162} we have found the repair solutions to run
in three separate cycles according to the initial population distributions prior to exposure.
Clearly a G stationary population cycles through the ‘a’ coefficients only with the b's and
¢’s all identically zero. Similarly, a synchronized S-phase exposed population cycles according
to the ‘b’ coefficient recurrence relations while the ‘c’ coefficients are exclusively related to
exposure in G-phase. Clearly an exponential population excites all three recurrence relations
according to the equilibrium distribution of the cell population.

First Generation Kinetics

According to our general kinetic equations (141) to (150), injured cells are blocked in G
until repairs are complete. The repair kinetics in the first generation of injured cells determine
the fate of the cell. This is not in complete accordance with experimental observation in
which one or two cell divisions are relatively common before the cell line is terminated. The
recurrence relations among the a, b, and c coefficients may be solved in closed form to generate
the cycle dependent repair processes.

a. Gy repair cycle. We first consider the repair cycle of G)-phase injured cells using
recurrence relations given by equations (169), (172) and (175). The G repair cycle is found
to be given by

n1;(t) = n1;(0) e it (178)
o ﬂi e—vg,-t_e—vh't
ngi(t) = n1;(0) . [WJ (179)
(8) = s &l‘.—vutwt_j ; Y SN o
ngi(t) = n1;(0) n € ]2=:2 7! kzo("h vai)” (v1i — v3i) (180)
m(t) =3 m1(0) a;,:,- (1-emt) (181)

>0
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ma() = Yo E0mt [ (1o ) - L (1 )] (182

o~ 1 (v — vas) Lva vy

. j -t

Bi Vi Um3i T+ 1,v3t) | = (1 — vai)’ (V1 — van)

ma(t) = mi0) =Y 1 . > : (183)
>0 T2 i > =0 at

The above are solutions for cycling cell systems and approach the stationary G| repair kinetics

for 1} — oo with 79 and 73 finite. Such a limit corresponds to the delayed plating experiments

of Yang et al. (1989). The stationary phase solutions are given as

n1;(t) = ny;(0) e™ut (184)
mi(t) = Y m(0) 2B (1 - emnst) (185)
i>0 A

with ng;(t), n3i(t), ma(t), and m3(t) all zero. If complete repair is allowed in G-phase as in
Yang et al. (1989) delayed plating experiments then the misrepaired population is

Qnli
m(o0) = 3 n1;(0) -2+ (186)
i>0 L
as we found earlier (Wilson and Cucinotta, 1991). The misrepair ratios were found near zero

for m < 3 as required for the sigmoid shape in the x-ray survival data and recovery of the
Katz model at low dose.

Herein we assume G and G misrepair is near zero so that the cycling G exposures have
total misrepair given by
e
m(co) = ¥ ny;(0) Bi cmi (187)

T V1iV2;
sl 1 V1i¥2:

which should match our earlier results for the immediately plated exposures as

AL omn _ g4 (188)
T1 Vi11v21
R (189)
1 V12V22

‘We have no means for evaluating the 8; and +; at this time and so we assume the cell cycle
times of injured cells are the same as the unexposed population (ie, 8; = v = 1). The
corresponding misrepair coefficients are then found to be

amol = 0.3T2_1 (1+ a1 1) (1 +ag m) (190)
amaz = 0.887, 1 (1 + ajp 1) (1 + gy 72) (191)

where the 71 and ™ are those associated with the Yang et al. experiments (1] ~ 4 hr and
79 ~ 10 hr resulting in oyy21 /ag; ~ 0.84 and aypo/age ~ 1).

b. S-repair cycle. Cells injured in the S-phase cycle are described through the b coefficient
recurrence relations as given by equations (170), (173), and (176). The solutions for the
S-repair cycle is given as

mi(t) =0 (192)

ngi(t) = ngi(0) e~ 2t (193)
. —-v3it _ -t

n3;(t) = n2i(0) Z—; [E—j’;—_-;es—iz—] (194)
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my(t) =0 (195)

ma(t) = 3 P2 ngy(0) (1-e2) (196)

>0

ma(t) =3 (vz va) Tz 2,(0)[ (l—e“"&t)—%(l—e—"z*t)] (197)

>0

The total number of misrepaired cells following a single impulsive exposure is

Xm2i . Om3i Vi
m(oo) = —_— . — n2;(0 198
(o0) EM:[V% o 2] 10 (198)

Since in our current understanding T 11;0; 1 5 1 we see that the misrepair rate of the S-phase
injury is higher than the G)-phase injury cycle. This is not surprising since repair during the
G1-phase is very efficient.

€. Ga-repair cycle. The G3-repair cycle is simplified by the complete Gg block assumed in
the present model. The c coefficient recurrence relations (171), (174), and (177) give solutions

n1i(t) = ngi(t) =0 (199)

ngi(t) = ng;(0) e~ "3t (200)

my(t) = ma(t) =0 (201)

ma(t) = 3 22 ngi(0) (1- et (202)
>0 t

The total misrepair fraction is near zero since the Gy-phase repair efficiency is assumed near
unity and shows similar survival characteristics as the stationary G1-phase repair kinetics.

d. Exponential population repair kinetics. Exposure of an exponential population is
described as a superposition of the previous solutions. The initial irradiated cell population
is the equilibrium distribution in which

na(0) = 55— no(0) (203)
rd

where ng(0) is the total cell population. The initial distribution of injured cells are
given by equations (158) to (161). Subsequent to exposure, the misrepair is described by
equations (178) to (202) and the total misrepair population is given as

~ l Xm2i Qm2i
m(o0) g T Vv n1;(0) + 2 oy ng;(0)
- g( T "'c) V2 m(0) (204)
where
Te= E Ts (205)
ni(0) = ) myi(0) (206)

8
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e. Tissue systems repair kinetics. The main characteristic of tissue systems represented
in the present model is the excessive time spent in the Gj-phase. The cell distribution is then
approximately

Te
=272
m=2nox 2 ng (208)
ng = B ng ~ B g (209)
Te T1

Repair within the G; population after exposure is given by equations (184) and (185) so that

my(o0) = 3 R ny;(0) (210)

i>0 ¢

The repair for S-phase exposures are

Qoo
ma(oc) = Y, ~TE nyi(0) (211)
i>0 t
1 amsi
mg(o0) = — n9; (0 212
3(00) = 3 — Sy (0 (212)
i>0
while Gg injury results in
Qi
ma(o0) = 3 % ng(0) (213)
>0 %

Due to the assumed efficient repair in G3 we see that m3(0o) given by equations (212) and (213)
are inferior to mgy(0o) of equation (211). The total misrepair is then

_ Omli | T2 Om2i|
m(oo) = g [————ali + - _u2,~ ] n;(0) (214)

In the event that ;12 < 5&11}1 then the population response is similar to G,-phase stationary
populations as is usually tile case.

Discussion

With the formalism of cell injury and repair within the cell cycle presented in this last
section there is some hope of deriving & more complete description of the cell kinetic problem.
However, a more complete model must first treat the age dependence within the phase. For
example, the G phase must be treated as an early G; and late G as a minimum requirement.
This we kmow since the G, block repair efficiency is similar to the S-phase repair efficiency
and not the G stationary repair efficiency. With such a complete model one may turn to
the issue of cell progression within a tissue system. Such issues are critical for understanding
biological response.
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